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Introduction
The resolution of almost all conventional optical system is indispensably governed by the diffraction limit. This resolution limit can be overcome by use of focusing the evanescent waves in the near field region. The concept of "superlens" was proposed firstly by Pendry in 2000 [1] . When ε= -1and μ= -1, the negative refractive index material plate can be a perfect lens [2] [3] [4] . Because of the dispersion and absorption in the materials, the conditions of ε= -1and μ= -1 is hard to satisfy for the natural materials. Although the perfect lens may not exist, the superlens which can provide higher resolution beyond the diffraction limit have been proved. And focusing by means of surface plasmon polarisons (SPPs) by plasmonic lens is attracting much interest recently due to its unique feature of extraordinary enhanced transmission [5] [6] [7] [8] . It means that we can focus the evanescent components of an illuminated object in the near-field region with subdiffraction-limit resolution [9] . This allows them to break the conventional barrier of diffraction limit, and leads to the formation of concentrated sub-wavelength light spots on the order of nanometers. Plasmonic lens is always consisted by metal and dielectric and can excite SPPs and always can be used for focusing, imaging, and beam shaping and so on.
In this paper, a literature review is given for the purpose of displaying a physical picture of plasmonic lenses for the relevant reader. Firstly, the basic theory about the plasmonic lens is presented. Then several examples of plasmonic lens are given. Here we mainly focus on the typical concepts of the plasmonic lens reported so far.
Plasmonic lens on the basis of negative refractive index materials

Superlens
Although perfect lens proposed by Pendry may not exist, superlens is realized and proved by Zhang's group in 2003 [10] [11] [12] [13] and other research groups [14] [15] [16] [17] [18] [19] [20] [21] . Here we mainly introduce the typical works which were done by Zhang's group. They showed that optical evanescent waves could indeed be enhanced as they passed through a sliver superlens. Figure 1 below shows configuration of the superlens they designed. As can be seen, a set of objects were inscribed onto a chrome screen. The objects were designed to be placed about 40 nm away from the silver film which is 35 nm in thickness. And the chrome objects were patterned on quartz by using focused ion beam (FIB) technique, a 40 nm thick layer of polymethyl methacrylate (PMMA) was used to planarized them. The objects are imaged onto the photoresist on the other side of the silver film under ultraviolet (UV) illumination (at a wavelength of 365 nm). The negative photoresist which is 120 nm thick is used to record the near-field image. The substrate is food-exposed under an I-line (365 nm) mercury lamp. The exposure flux is 8 mW/cm 2 , and an optimal exposure time of 60 s is applied to reduce the surface root mean square modulation below 1 nm for both the silver and PMMA surfaced; otherwise, the dispersion characteristics of the superlens would be modified and would in turn smear the details of the recorded image. The optical image is converted into topographic modulations by developing the negative photoresist and is mapped using atomic force microscopy (AFM).
Because the electric and magnetic responses of materials were decoupled in the near field, only the permittivity needs to be considered for transverse magnetic (TM) waves. This makes noble metals such as silver natural candidates for optical superlensing. Silver is chosen here. As surface charges accumulate at the interface between the silver and the imaging medium, the normal component of an electric of silver is selected and the permittivity of the silver and that of the adjacent medium are equal and of opposite sign. Such a delicate resance is essential to ensure the evanescent enhancement across the slab. For enhanced transmission of evanescent waves, it is found that an asymptotic impedance match ( / /0 zi i zj j kk εε += ) has to be met at the surface of the silver, known as the surface plasmon excitation condition (kzi, cross-plane, wave vector in silver; εi, permittivity of silver; kzj, cross-plane wave vector in dielectric; and εj, permittivity of dielectric). It is widely known in metal optics that when the two media take the opposite sign in permittivity and |εi| >>εj, only surface plasmons at the narrow range of in-plane wave vector (kx) that are close to ko can be resonantly coupled. However, less well known is that when |εi| ~εj and we are of opposite sign, the excitable surface plasmon band of kx is significantly broadened, resulting in the superlensing effect. The intensity of evanescent waves decays with a characteristic length Z, and 
Hyperlens
The images imaged by the superlens we talked about above are the same size as the objects. And there is no working distance. The hyperlens here was also proposed by Zhang's group [22] . It can magnify a sub-diffraction-limited image and projects it into the far field. Figure 4 A is the schematic of the hyperlens. It consists of a curved periodic stack of Ag (35 nm) and Al2O3 (35 nm) deposited on a half-cylindrical cavity fabricated on a quartz substrate. Subdiffracion-limited objects were inscribed into a 50-nm-thick chrome layer located at the inner surface (air side). The anisotropic metamaterial was designed so that the radial and tangential permittivities have different signs.
The object imaged with hyperlens was a pair of 35-nm-wide lines spaced 150 nm apart. Upon illumination, the scattered evanescent field from the object enters the anisotropic medium and propagates along the radial direction. Because of the conservation of angular momentum, the tangential wave vectors are progressively compressed as the waves travel outward, resulting in a magnified image at the outer boundary of the hyperlens. Hence the magnified image (350-nm spacing) can be clearly resolved with an optical microscopy.
3. Plasmonic lens on the basis of subwavelength metallic structures 3.1. Subwavelength metallic structure for superfocusing
One-dimensional structures for focusing
In this section, we presented two types of tuning methods for the purpose of phase modulation: depth tuning [23] and width tuning [24] [25] [26] approaches.
Depth-tuned. strctures
Three types of plasmonic slits (convex, concave, and flat/constant groove depth) with different stepped grooves have been designed and fabricated to achieve efficient plasmonic focusing and focal depth modulation of the transmitted beam. Figure 5 shows the fabricated depthtuned plasmonic lens using focused ion beam milling [27] . The general design of the plasmonic slit is shown in Fig. 6 (a) [28] . When a TM polarized (magnetic field parallel to the ydirection) monochromatic plane wave impinges on the slit, it excites collective oscillations of the electrons at the surface, which is known as SPPs. The SPPs propagate along the surface of the metal film and are diffracted to the far-field by the periodic grooves, which are designed with a width smaller than half of the incident wavelength to allow a high diffraction efficiency [29] . Constructing interference of such diffracted beams leads to the focusing effect at a certain point on the beam axis [30] . Since the diffracted beams are modulated by the nanometric grooves, through adjusting the parameters of the grooves (such as our width, depth, period and number), the diffracted beams can be fully manipulated resulting in a tailored ultracompact lens with subwavelength resolution and nanometer accuracy [31] . Most interestingly, it has been numerically found [32] that the relative phase at the exit end of the slit increases steadily with the increasing groove depth, making it possible to achieve continuous phase retardation by simply designing surrounding grooves with stepped depths as shown in Figs. 6 (b) and 6 (c). This has led to a great simplification of the plasmonic lens design without increasing the groove number or generating a bump on the metal film [33] . Figure 7 (a) presents a detailed comparison of the measured intensity distribution with simulation using FDTD at the slit cross section (along x-direction, as indicated by the white dot line in Fig. 2 (a) [23] ). A good agreement has been found between the experiment and the theoretical prediction except that the measured full-width at a half-maximum (FWHM) of the central lobe (approximately 281 nm) is slightly larger than the calculated value of about 230 nm. This is because the measured intensity distribution approximately equals to the convolution of the finite probe size (30-80nm) and the actual intensity distribution of the transmitted light. Near-field measurement reveals unambiguously the light interaction with the slits and confirms the functionalities of the nanoplasmonic lens. The simple plasmonic lens demonstrated in this paper can find broad applications in ultra-compact photonic chips particularly for biosensing and high-resolution imaging. Among the three types metallic structures, the type of convave structure has best focusing performance.
In adition, V-shaped influence on focusing performance was analyzed in fabrication point of view [34] . The incident angle dependance on the focusing properties was discussed also in Ref. [35] .
Regarding fabrication of the metallic structures with depth-tuned grooves, it is worthy to point out that the geometrical characrerization issue using atomic force microscope after focused ion beam direct milling [31] . Large measurement error is found during geometrical characterization of the nanostructures by use of an atomic force microscope (AFM) working in tapping mode. Apex wearing and 34° full cone angle of the probe generate the measurement errors during characterizing the nanostructures with the feature size of 200 nm and below. To solve this problem, a FIB trimmed AFM probe is employed in the geometrical characterization, as shown in Fig. 8 . The results show that the error is improved greatly using the trimmed probe. Influence of polarization states on focusing properties of the depth-tuned metallic structures was reported [31] . The structure was designed with geometrical parameteres shown as Fig.  9 . Figure 10 shows the total electric-field intensity |E| 2 =|Ex| 2 +|Ey| 2 +|Ez| 2 at x-y plane along the longitudinal direction at z = 1.35 µm at λ=420 nm for the (a) elliptical polarization (EP), (b) circular polarization (CP), and (c) radial polarization (RP) cases. The intensity of transverse electric field, |Ex| 2 +|Ey| 2 , is significantly tuned. In the figure, the intensity along the horizontal (x) is equal to that along the vertical (y), while the intensity along the diagonal directions (45° and 135° with respect to the x is tuned), the peak shift is observed at the side lobe, which is <0.1λ for the EP case. In Fig. 10 (a) , in the direction of 45°. And the beam in 45° is narrower than that in the x-or y-directions. In addition, the phase function Re(exp(iθ)) indicates tuning capability. Re (exp(iθ)) = 0.5, where θ = π/3, for the EP case, and the phase function becomes 0 for the CP and 1 for the RP case. For example, in Fig. 10 (b) , the uniformly distributed total-electric-field intensity is observed in the x-y plane, while, in Fig. 10 (c 
Width-tuned structures
A novel method is proposed to manipulate beam by modulating light phase through a metallic film with arrayed nano-slits, which have constant depth but variant widths. The slits transport electro-magnetic energy in the form of surface plasmon polaritons (SPPs) in nanometric waveguides and provide desired phase retardations of beam manipulating with variant phase propagation constant. Numerical simulation of an illustrative lens design example is performed through finite-difference time-domain (FDTD) method and shows agreement with theory analysis result. In addition, extraordinary optical transmission of SPPs through sub-wavelength metallic slits is observed in the simulation and helps to improve elements's energy using factor.
To illustrate the above idea of modulating phase, a metallic nano-slits lens is designed [24] . The parameters of the lens are as follows: D = 4 µm, f = 0.6 µm, λ= 0.65 µm, d=0.5 µm, where D is the diameter of the lens aperture, f the focus length, the wavelength and d the thickness of the film. The two sides of the lens is air. The schematic of lens is given in Fig. 11 , where a metallic film is perforated with a great number of nano-slits with specifically designed widths and transmitted light from slits is modulated and converges in free space.
After numerous iterations of calculation using the FDTD algorithm, the resulting Poyinting vector is obtained and showed in Fig. 12 (a) . A clear-cut focus appears about 0.6 micron away from the exit surface, which agrees with our design. The cross section of focus spot in x direction is given in Fig. 12 (b) , indicating a full-width at half-maximum (FWHM) of 270 nm. The extraordinary light transmission effects of SPPs through sub-wavelength slits is also observed in the simulation with a transmission enhance factor of about 1.8 times. These advantages promise this method to find various potential applications in nano-scale beam shaping, integrate optics, date storage, and near-field imaging ect. As an experimentlal verification example, Lieven et. al. [37] experimentally demonstrated planar lenses based on nanoscale slit arrays in a metallic film. The lens structures consist of optically thick gold films with micron-size arrays of closely spaced, nanoscale slits of varying widths milled using a focused ion beam. They found an excellent agreement between electromagnetic simulations of the design and confocal measurements on manufactured structures. They provide guidelines for lens design and show how actual lens behavior deviates from simple theory. The basic geometry consists of an array of nanoscale slits in an otherwise opaque metallic film (see Fig. 13 (a)). Figure13 shows the main results of the work, which combines fabrication, characterization, andsimulation. Pane l (a) shows the fabricated structure, while panels (b) and (c) represent the measured and simulated field intensity in across section through the center of the slits (along the x-direction). Both the measurement and the simulation clearly demonstrate focusing of the wave. The agreement between experiment and simulation is excellent. Moreover, the simulation image is generated using the designed parameters as the slit width rather than the actual slit width measured in the SEM, as is commonly done when comparing nanophotonics simulation and experiments. The agreemen there thus indicates the robustness in design and the fault tolerance of this approach for focusing. The effect of lens size can be exploited to control the focusing behavior as is shown clearly in Fig This first experimental demonstration is a crucial step in the realization of this potentially important technology form any applications in optoelectronics. Moreover, the design principles presented here for the specil case of a lens can be applied to construct a wide range of optical components that rely on tailoring of the optical phase front.
Two-dimensional structures for focusing
Circular grating-based metallic structures for focusing
Recently, Jennifer et. al. reported the generation and focusing of surface plasmon polariton (SPP) waves from normally incident light on a planar circular grating (constant slits width and period) milled into a silver film [38] . The focusing mechanism is explained by using a simple coherent interference model of SPP generation on the circular grating by the incident field. Experimental results concur well with theoretical predictions and highlight the requirement for the phase matching of SPP sources in the grating to achieve the maximum enhancement of the SPP wave at the focal point. NSOM measurements show that the plasmonic lens achieves more than a 10-fold intensity enhancement over the intensity of a single ring of the in-plane field components at the focus when the grating design is tuned to the SPP wavelength. To investigate this focusing experimentally, rings with different periods were cut into 150 nm thick silver films. Silver was evaporated onto a quartz plate at a high rate to ensure a surface with minimal roughness. Rings were milled into the metal using an FEI Strata 201 XP focused ion beam (FIB), with the inner most ring having a diameter of 8 microns.
Additional rings were added with a period either close to or far from resonance with the excited SPP waves. The surface plasmons were excited with linearly polarized laser light incident from the quartz side. The electromagnetic near-field of these structures was recorded using near-field scanning optical microscopy (NSOM) in collection mode using a metal coated NSOM tip. A metal coated tip was chosen over an uncoated tip to increase the resolution of the scan. Previous experimental results on samples with similar geometry compare favorably with computer simulations, indicating the interaction of the SPP near field with the metal tip is negligible. The measurement scheme can be seen in Fig. 15 (a) with an SEM image of a typical sample shown in Fig. 15 (b) . The phase change of SPP waves across a barrier is an interesting issue that has received very little attention. If the slit width is much smaller than the SPP wavelength, the slit will have very little effect on the SPP and the phase change should be very small. However, if the slit width is on the order of the SPP wavelength, as the SPP waves cross a slit opposite charges will be induced on opposite sides of the slit, providing quasi-electrostatic coupling across the barrier. The authors calimed that it is possible that the phase change will be sensitive to the slit width. The number and period of rings, film material, and slit geometries provide experimental handles to tune the plasmonic lens to accommodate specific applications, making this technique a flexible plasmonic tool for sensing applications.
The following two sections below introduce the metallic subwavelength structures with chirped (variant periods) slits and nanopinholes acted as the plasmonic lenses for the purpose of superfocusing.
Illumination under linear polarization state
A novel structure called plasmonic micro-zone plate-like (PMZP) or plasmonic lens with chirped slits is put forth to realize superfocusing. It was proposed by Fu's group [39, 40] . Unlike conventional Fresnel zone plate (CFZP), a plasmonic structure was used and combined with a CFZP. Configuration of the PMZP is an asymmetric structure with variant periods in which a thin film of Ag is sandwiched between air and glass. The PMZP is a device that a quartz substrate coated with Ag thin film which is embedded with a zone plate structure with the zone number N < 10. Figure 16 is an example of schematic diagram of the structure. Following the electromagnetic focusing theory of Richard and Wolf (Richards & Wolf, 1959) [41] , the electric field vector in the focal region is given by,
Plasmonic Lenses 199
Let i, j, k be the unit vectors in the direction of the co-ordinate axes. To be integral over the individual zones, I0, I1, I2 are expressed as, According to the equation, the intensity of lateral electric field component, |Ex| 2 , follows the zero-order Bessel function J0 of the first kind, while the intensity of longitudinal electric field component, |Ez| 2 , follows the first-order Bessel function J1 of the first kind. In the total electric field intensity distribution, all the field components add up. With high numerical aperture, this leads to not only asymmetry of the focus spot but also an enlarged focus spot. As shown in Figs. 17 (a)~(b), the total electric field and individual electric field components, |E| 2 , |Ex| 2 , &|Ez| 2 , emerged from λsp-launched FZP lens are in comparison with that the total electric field and individual electric field components from a λin-launched PMZP lens. It is found that the intensity ratio, |Ex| 2 /|Ez| 2 , can increase up to 10 times for the λsp-launched PMZP lens. A focus spot having the polarization direction along the x direction is obtained. Figure 17 . The total electric field and electric field components, |E| 2 , |Ex| 2 , and |Ez| 2 , emerged from (a) a λsp-launched FZP lens and (b) a λin-launched FZP lens. It is observed that the proposed superlens enables to restrict the depolarization effect and produces a linearly-polarized focus spot having the polarization direction in the x direction.
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The chirped slits can form a focal region in free space after the exit plane. The final intensity at the focal point is synthesized by iteration of each zone focusing and interference each other, and can be expressed as 
where I0 is the incident intensity, ri is the inner radius of each zone, i is the number of the zones, lSP is the propagation length for the SPP wave, α is interference factor, and C is the coupling efficiency of the slits. C is a complicated function of the slit geometry and will likely have a different functional form when the slit width is much larger or much smaller than the incident wavelength
The PMZPs is an asymmetric structure. For an evanescent wave with given kx, we have 22 
→ . Physically, this would require exciting a surface plasmon at either the air or the glass side. For E ⊥ wave, a negative permittivity is sufficient for focusing evanescent waves if the metal film thickness and object are much smaller than the incident wavelength. Because electric permittivity 0 ε < occurs naturally in silver and other noble metals at visible wavelengths, a thin metallic film can act as an optical super lens. In the electrostatic limit, the p-polarized light, dependence on permeability μ is eliminated and only permittivity ε is relevant. In addition, diffraction and interference contribute to the transition from the evanescent waves to the propagation waves in the quasi-far-field region. Above all, the PMZPs form super focusing by interference of the localized SPP wave which is excited from the zones. This makes it possibly work at near and quasi-far-field with lateral resolution beyond diffraction limit. Also the PMZP has several zones only, its dimension is decreased greatly compared the CFZP.
As an example, an appropriate numerical computational analysis of a PMZP structure's electromagnetic field is carried out using finite-difference and time-damain (FDTD Ag hn m = centered at z=150 nm has an embedded micro-zone-plate structure. Zone number N=8, and outer diameter OD=11.93 μm. The widths of each zone from first ring to last ring, calculated by using the conventional zone plate equations, are 245, 155, 116, 93, 78, 67, 59, and 52 nm. In the FDTD simulations, the perfectly matched layer boundary condition was applied at the grid boundaries. Figure 17 is the simulation result. From the result, the simulated focal length of the PMZP, fPMZP and depth of focus (DOF) are larger than those of the designed values using the classical equations Figures 18 (a)~(f) are electric intensity distribution |Ex| 2 for E ⊥ wave in z-y, x-z, and x-y plane, respectively. The numerical computational analysis of the electromagnetic field is carried out using finite-difference and time-domain (FDTD) algorithm. It can be seen that focused spot size [full width at half maximum (FWHM)] at y-z plane is smaller than the one at x-y plane. For conventional Fresenl zone plate, when zone numbers are few, the first sidelobe is large. In contrast, our PMZP has much lower first sidelobe. Suppressed sidelobe at y-z plane is higher than the one at XOZ plane due to the incident wave with E ⊥ wave. Transmission with the E ⊥ wave illumination is extraordinarily enhanced due to the excited SPP wave coupling which is then converted to propagation wave by diffraction. Further characterization of the plasmonic lens was done,as shown in Figs. 19 (a) -(d) [42] . The Au thin film of 200 nm in thickness was coated on quart substrate using e-beam evaporation technique. The lens was fabricated using focused ion beam (FEI Quanta 200 3D dual beam system) direct milling technique, as shown in Fig. 19 (b) . Geometrical characterization was performed using an atomic force microscope (Nanoscope 2000 from DI company). Figure 19 (c) shows topography of the FIB fabricated plasmonic lens. The optical measurement was performed with a near-field optical microscope (MultiView 2000 TS from Nanonics Inc. in Israel) where a tapered single mode fiber probe, with an aperture diameter of 100 nm, was used working in collection mode. The fiber tip was raster scanned at a discrete constant height of 500 nm, 1.0 µm, 1.5 µm, 2.0 µm, 2.5 µm, 3.0 µm, 3.2 µm, 3.5 µm, 3.7 µm, 4 µm, 4.5 µm, and 5 µm, respectively, above the sample surface, and allowing us to map the optical intensity distribution over a grid of 256×256 points spanning an area of 20×20 µm 2 . Working wavelength of the light source is 532 nm (Nd: YAG laser with power of 20 mW). Additionally, a typical lock-in amplifier and optical chopper were utilized to maximize the signal-to-noise ratio. Figure 19 (d) shows the measured three-dimensional (3D) electric field intensity distribution of the lens at propagation distance of 2.5 µm. Figure 20 is a re-plotted 3D image of the NSOM measured intensity profiles along x-axis probed at the different propagation distance z ranging from 5 nm to 5 µm. It intuitively shows the intensity distribution along propagation distance. It can be seen that the peak intensity is significantly enhanced from 0.01 µm to 1 µm, and then degraded gradually in near-field region because of SPP-enhanced wave propagation on Au surface vanished in free space when z >1 µm. Only the interference-formed beam focusing region exits in near-field region. It is also in agreement with our calculated results. For more information, please see Ref. [43] . A hybrid Au-Ag subwavelength metallic zone plate-like structure was put forth for the purpose of preventing oxidation and sulfuration of Ag film, as well as realizing superfocusing, as shown in Fig. 21 [43] . The Au film acts as both a protector and modulator in the structure. Focusing performance is analyzed by means of three-dimensional (3D) finite-difference and time-domain (FDTD) algorithm-based computational numerical calculation. It can be tuned by varying thicknesses of both Au and Ag thin films. The calculated results show that thickness difference between the Au and Ag thin films plays an important role for transmission spectra. The ratio of Au to Ag film thicknesses, hAu/hAg, is proportional to the relevant peak transmission intensity. In case of hAu ≈ hAg=50 nm, both transmission intensity and focusing performance are improved. In addition, the ratio hAu/hAg strongly influences position of peak wavelengths λAu and λAg generated from beaming through the metallic structures. The following features were found from the calculation results:
1. Thickness difference between the Au and Ag thin films plays important role for transmission spectra. It determines peak transmission intensity. Ratio of film thicknesses α = hAu/hAg is proportional to the relevant peak intensity. It may attributed to the resonant wavelength of the hybrid structure which is proportional to α. film, fixing hAu = 50 nm and 200 nm respectively and varying hAg, the corresponding optical performances are not improved gradually with increasing hAg. 4. Ratio α = hAu/hAg strongly influences position of peak wavelengths λAu and λAg generated from the metallic subwavelength structures.
The calculation results show that thickness of both the Au and Ag thin films has significant tailoring function due to the great contribution to superfocusing and transmission. Improved focusing performance and enhanced transmission can be obtained if hAu and hAg match each other. This hybrid subwavelength structure has potential applications in data storage, nanophotolithography, nanometrology, and bio-imaging etc.
However, the rings-based structures have higher sidelobes. To supress the sidelobes, a circular holes-based plasmonic lens was reported, as shown in Fig. 22 [44] . In the plasmonic lens with fixed pinhole diameters, propagation waves still exist for much reduced periodicity of pinholes due to the SPPs wave coupling, which interferes with the diffraction wavelets from the pinholes to form a focusing region in free space. Increasing incident wavelength is equivalent to reducing the pinhole diameters, and rapid decay of the EM field intensity will occur accordingly. The superlens proposed by the authors has the advantages of possessing micron scale focal length and large depth of focus along the propagation direction. It should be especially noted that the structure of the superlens can be easily fabricated using the current nanofabrication techniques, e.g. focused ion beam milling and e-beam lithography.
To further improve focusing quality of the circular holes-based plasmonic lens, an elliptical nanoholes-based plasmonic lens was put forth, as shown in Fig. 9 [45] . The plasmonic lens is composed of elliptical pinholes with different sizes distributed in different rings with variant periods. Long-axis of the ellipse is defined as an=3wn, whereas wn is width of the corresponding ring width, and n is the number of rings. A thin film of Ag coated on the glass substrate is perforated by the pinholes. As an example, the authors studied the case of 200 nm thickness Ag film coated on quartz substrate and designed a nanostructure with 8 rings on the metal film (see Fig. 23 ). The pinholes are completely penetrated through the Ag film. Figure 24 shows our computational results: E-field intensity distribution |Ey| 2 at x-z and y-z planes for (a) and (b) δ=0.1; (c) and (d) δ=0.2; and (e) and (f) δ=0.4, respectively. It can be seen that E-field intensity distribution is symmetric due to linear y-polarization which is formed by uniformly rotating linear polarization radiating along radial directions. By means of interfering constructively, and the Ez component interferes destructively and vanishes at the focus. Thus we have |E| 2 =|Ex| 2 +|Ey| 2 +|Ez| 2 =|Ey| 2 , whereas Ex=0, and Ez=0. The lasing effect-induced ultra-long DOF is 7 µm, 12 µm, and 13 µm for δ=0.1, 0.2, and 0.4, respectively. It is three orders of magnitude in comparison to that of the conventional microlenses. The ultra-enhanced lasing effect may attribute to the surface plasmon (SP) wave coupling in the micro-and nano-cavity which form Fabry-Pérot resonance while the beam passing through the constructive pinholes. Calculated full-width and half-maximum (FWHM) at propagation distance z= -7 µm in free space is 330 nm, 510 nm, and 526 nm for δ=0.1, 0.2, and 0.4, respectively.
Lasing effect of the plasmonic lens with extraordinarily elongated DOF has the following unique features in practical applications:
1. In bioimaging systems such as confocal optical microscope, three-dimensional (3D) image of cells or molecular is possible to be obtained and conventional multilayer focal plane scanning is unnecessary. 2. In online optical metrology systems, feed-back control system can be omitted because height of surface topography of the measured samples as large as ten micron is still within the extraordinarily elongated DOF of the plasmonic lenses. 3. In plasmonic structures-based photolithography systems, the reported experimental results were obtained at near-field with tens nanometers gap between the structure and substrate surface. Apparently, it is difficult to control the gap in practical operation. However, using this plasmonic lens, the working distance between the structure and substrate surface can be as long as 12 µm and even longer. Practical control and operation process will be much easier and simplified than the approaches before in case of using this lens.
Like the discussion above regarding illumination with different polarization states, influence of polarization states on focusing properties of the the plasmonic lenses with both chirped circular slits and elliptical nanopinholes were reported [46, 47] .
The lens was fabricated using focused ion beam directly milling technique, and characterization of the elliptical nanopinholes-based plasmonic lens was carried out using NSOM, as shown in Figs. 25 (a) and (b) . Currently, this work is still in progress in the research group. Here we addressed an issue here from fabrication point of view. Real part of Au permittivity εAu will be increased due to Ga + implantation of the FIB directly etching process. Theoretically, propagation constant kSP will be increased due to the large real part of dielectric constant as , whereas ω is the incident frequency, c is the speed of light in vacuum, εm and εd is dielectric constant of metal and dielectric, respectively. The increased kSP will cause strong transmission enhancement and generate extended skin depth
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in free space which is helpful for formation of the focusing region and makes a positive contribution on the plasmonic focusing accordingly.
An elliptical nano-pinholes-based plasmonic lens was studied experimentally by means of FIB nanofabrication, AFM imaging, and NSOM characterization for the purpose of proof of plasmonic finely focusing. Both modes of sample scan and tip scan were employed for the lens probing. For the NSOM-based optical characterization of the plasmonic lenses, both of them have their own characteristics. The former can generate a bright-field like image with strong and uniform illumination; and the latter can produce a dark-field like image with high contrast which is helpful for checking focusing performance of the lenses. Our experimental results demonstrated that the lens is capable of realizing a subwavelength focusing with elongated depth of focus.
Illumination under radial polarization state
Most recently, the circular rings-based plasmonic lens was experimentally demonstrated [48, 49] . The focusing of surface plasmon polaritons by a plasmonic lens illuminated with radially polarized light was investigated. The field distribution is characterized by near-field scanning optical microscope. A sharp focal spot corresponding to a zero-order Bessel function is observed. For comparison, the plasmonic lens is also measured with linearly polarized light illumination, resulting in two separated lobes. Finally, the authors verify that the focal spot maintain sits width along the optical axis of the plasmonic lens. The results demonstrate the advantage of using radially polarized light for nanofocusing applications involving surface plasmon polaritons. Figures 26 (a) and (b) are reported NSOM characterization results. For comparison purposes, this theoretical cross section is also shownin Figure 26 (b) . The profile of the Bessel function can be clearly observed. Neglecting the contribution of the E component, the theoretical spot size (based on full width halfmaximum criterion) is 380nm. The measured spot size is slightly larger, 410 ± 39nm (error was estimated by taking several cross sections through the center of the PL along different directions).
Subwavelength metallic structure for imaging
A planar lens based on nanoscale slit arrays in a metallic film is present here for subwavelength imaging in the far field. Figure 27 is the schematic of the optical imaging with metallic slab lens [51] . To illustrate the design, both object distance a and image distance b are set to be 1 μm. The aperture and the thickness of silver slab lens are 3μm and 300 nm respectively. The permittivity εm=-29.26+i1.348 is used for silver at 810 nm.
When the light with magnetic field polarized in the y direction impinged on the surface of silver slab, SPPs can be excited at the slit entrance. The SPPs propagate inside the slits in the specific waveguide modes until reaching the export where we radiate into free space and form the optical image at the desired position. For the imaging of object localized on the axis x=0, the phase retardation of light transmitted through the lens is giver by 22 22
where n is an integer number. Therefore, the key point of designing the metallic lens is to determine the width and position of slits for appropriate phase retardation. Because of the complexity of the accurate description of the processes of SPPs' excitation, propagation, and coupling in metallic slits, the convenient and effective way is the approximation of these processed and making sure of good accuracy simultaneously. The coupling of SPPs during the propagation in slits is neglected, provided that the metallic wall between any two adjacent slits is larger than the skin depth in metal, about 24 nm for silver at a wavelength of 810 nm giver by
The coupling effect occurred at the exit surface from neighboring slits is also omitted, compared with the intensity of directly radiated light from slits. The design above also displays that only a slight deviation is produced by coupling effect and it affects the image profile insignificantly. Assuming that the slit width is much smaller than a wavelength, it is justified to only consider the fundamental mode in the slit. Its complex propagation constant β in the slit is determined by the following equation: To illustrate the validity of metallic slab lens, finite-difference time-domain simulations are performed. Figure 28 (a) illuminates the dependence of phase retardation on slit width. Figure 28 (b) plots the finite-difference time-domain (FDTD) simulated transmittance of light through a slit with variant thickness as ranging from 100 to 500 nm by normal incidence at the wavelength of 810 nm. Calculated steady optical field (the magnetic field |Hy| 2 ) of the simulation result is shown in Fig. 29 . Obvious image spot can be seen at the position around Z=2.43 μm with the full width at half maximum of 396 nm approximately half of the incident wavelength. The slight focal shift of about 60 nm. Above all, the metallic slab lens displays a considerably good performance for imaging objects in the far field region. In addition, nanorod array was reported being used for imaging [51] . Mark et. al reported parallel conducting wires as a lens for subwavelength microwave imaging [52] .
Plasmonic Lens on the basis of waveguide modes
Another structure that can realize nanofocusing was theoretically reported [53] . SPPs propagating toward the tip of a tapered plasmonic waveguide are slowed down and asymptotically stopped when we tend to the tip, never actually reaching it (the travel time to the tip is logarithmically divergent). This phenomenon causes accumulation of energy and giant local fields at the tip. Focusing of fundamental cylindrical SPP wave is formed at apex of the taper tip, as shown in Fig. 30 . Figure 31 displays the amplitudes of the local optical fields in the cross section of the system for the normal and longitudinal (with respect to the axis) components of the optical electric field. As SPP's move toward the tip, the SPP fields start to localize at the metal surface, and simultaneously, our wavelength is progressively reducing and amplitude growing. The field magnitudes grow significantly at small |Z|. The transverse x component grows by an order of magnitude as the SPP's approach the tip of the guide, while the longitudinal z component, which is very small far from the tip, grows relatively much stronger. The 3D energy concentration occurs at the tip of a smoothly tapered metal nanoplasmonic waveguide. This causes the local field increase by 3 orders of magnitude in intensity and four orders in energy density. Most recently, Ewold et. al. reported our tapered waveguid structure for nanofocusing, as shown in Fig. 32 [54] . It was used for focusing of surface plasmon polaritons (SPPs) excited with 1.5 µm light in a tapered Au waveguide on a planar dielectric substrate by experiments and simulations. We find that nanofocusing can be obtained when the asymmetric bound mode at the substrate side of the metal film is excited. The propagation and concentration of this mode to the tip is demonstrated. No sign of a cutoff waveguide width is observed as the SPPs propagate along the tapered waveguide. Simulations show that such concentrating behavior is not possible for excitation of the mode at the low-index side of the film. The mode that enables the focusing exhibits a strong resemblance to the asymmetric mode responsible for focusing in conical waveguides. This work demonstrates a practical implementation of plasmonic nanofocusing on a planar substrate. A fiber-pigtailed 1.48 µm diode pump laser is used as excitation source. Figure 32 shows a schematic of the hole array/taper geometry. The pitch of the hole array is chosen such that ppolarized light with a wavelength of 1.48 µm is diffracted to generate SPPs propagatin at the substrate side of the film. To maximize the excitation of the desired SPP mode, the excitation beam is focused to a 10 µm wide spot near the edge of the array. The triangularl shaped tapered waveguide starts at a distance of 6 µm from the edge of the excitation arra and has a base width of 12 µm and a length of 60 µm (taper angle 11°).
Plasmonic lens on the basis of curved chains of nanoparticles
Focusing of surface plasmon polaritons (SPPs) beams with parabolic chains of gold nanoparticles fabricated on thin gold films was reported [55] . SPP focusing with different parabolic chains is investigated in the wavelength range of 700-860nm, both experimentally and thoretically. Mapping of SPP fields is accomplished by making use of leakage radiation microscopy, demonstrating robust and efficient SPP focusing into submicron spots. Numerical simulations based on the Green's tenor formalism show very good agreement with the experimental results, suggesting the usage of elliptical corrections for parabolic structures to improve our focusing of slightly divergent SPP beams.
Shortly after the above work, excitation,focusing and directing of surface plasmon polaritons (SPPs) with curved chains of nanoparticles located on a metal surface is investigated both experimentally and theoretically by Evlyukhin et. al., as shown in Fig. 33 [56] . We demonstrate that, by using a relatively narrow laser beam (at normal incidence) interacting only with a portion of a curved chain of nanoparticles, one can excite an SPPs beam whose divergence and propagation direction are dictated by the incident light spot size and its position along the chain. It is also found that the SPPs focusing regime is strongly influenced by the chain inter-particle distance. Extensive numerical simulations of the configuration investigated experimentally are carried out for a wide set of system parameters by making use of the Green's tensor formalism and dipole approximation.
Comparison of numerical results with experimental data shows good agreement with respect to the observed features in SPP focusing and directing, providing the guidelines for aproper choice of the system parameters.
When the inter-particle distance is smaller than the light wavelength, the pattern of the field magnitude distribution is relatively smooth [ Fig. 34 (a) ]. In this case, the illuminated part of the chain exhibits scattering properties that are similar to those of a continuous ridge. Note that straight ridges are frequently used for excitation of a divergent SPP beam on a metal surface in SPP experiments. When increasing the inter-particle distance, the individual particles of the chain become relatively independent sources of the scattered waves whose phases differ considerably, resulting in a complex interference pattern [ Fig. 34 (b Apart from the chain particle-based plasmonic structures for nanofocusing, the reverse pattern: nanoholes, constructed in curved chains can also realize focusing of SPP wave, as shown in Fig. 35 [57] . The focused SPPs can be directly coupled into a waveguide located at the focal plane. The constructive interference of SPPs launched by nanometric holes allows us to focus SPP into a spot of high near-field intensity having subwavelength width. Nearfield scanning optical microscopy is used to map the local SPP intensity. The resulting SPPs patterns and our polarization dependence are accurately described in model calculations based on a dipolar model for the SPP emission at each hole. Furthermore, we show that the high SPPs intensity in the focal spot can be launched and propagated on a Ag strip guide with a 250 × 50 nm 2 cross section, thus overcoming the diffraction limit of conventional optics. The combination of focusing arrays and nano-waveguides may serve as a basic element in planar nano-photonic circuits.
Not only focusing and imaging, the similar plasmonic structures can be used as beam sppliters [58] and beam shaping [59] . Nanofabrication of the plasmonic lenses were reported in Ref. [60] [61] [62] .
Plasmonic Talbot effect of nanolenses
Previous introduction in Section 3 shows a common phenomenon which there several focal points exist along central axis in free space after exit plane of the nanolenses.
To explore its physical mechanism, we compared the phenomenon to another well-known story: Talbot effect, i.e. self-imaging. The self-imaging means that when a one-dimensional (1D) periodic structure is illuminated by the monochromatic plane wave, the image of that structure can be observed at the periodical distance from the back side of the structure. It is a type of imaging by diffraction rather than an ordinary imaging of a lens. Actually, some researchers are still interested in the self-imaging effect since H. F. Talbot discovered it in 1836. And intensive theoretical and experimental studies regarding Talbot effect have been done since then. For example, the plasmon analogue of the self-imaging Talbot effect of a row of holes drilled in a metal film was described and theoretically analyzed, and suggested the potential applications in sensing, imaging, and optical interconnects on the basis of plasmon focal spots aimed at plasmon waveguides [63] . Subsequently, the Talbot effect regarding SPPs imaging on the basis of a rather different system by a quite different approach was studied theoretically and experimentally [62] [63] [64] . Furthermore, the Talbot effect for volume electromagnetic waves has been used in a variety of applications. And it is expected that the analogue for SPPs will be found applications in numerous nanoscale plasmonic devices.
Here, as an example, the Talbot effect of an Ag nanolens with five periodic concentric through the rings illuminated by a radially polarized light was computationally studied. Rigorous finite-difference and time-domain (FDTD) algorithm was employed in the computational numerical calculation. The results indicate that several focal points can be obtained at different locations due to the SPPs-related Talbot effect at λinc.=248 nm. The positions are quite different from that of values calculated by the Talbot distance equation reported in Ref. [65] . A minimum diameter of 100 nm at site of full width and half maximum (FWHM) was derived at the propagation distance of Z=396 nm. To further study the phenomenon in physics, it was compared with the traditional Talbot distance calculated using the scalar diffraction theory in the sections below.
For simplification of the analyses, the structure is simplified that is equivalent to a onedimensional grating structure with the same geometrical parameters as the nanolens mentioned before due to its symmetry, as shown in Fig. 36 .
The scalar field immediately behind an infinite grating at the original position (Z = 0) when it is illuminated by an unit intensity plane wave can be described by a Fourier series representing a weighted set of plane wave components as: 
where d is the grating period (is 500 nm here) and n c is the n th Fourier coefficient. The coefficients represent the complex intensity and the phase.
In comparison to the results of above mentioned Talbot distances from scalar theory, only the contribution from the field of SPPs is taken into account in the calculations of the interference pattern. In the geometry considered in this paper, the conversion of the incident SPPs into the volume electromagnetic waves is weak. The Talbot distance of 2.016 µm (first order) calculated by formula zT=kΛ 2 /π (it is the same as Eq. (13) actually. They were written in two different forms.) from Maradudin et. al. [63] and van Oosten [64] is different also from our calculated value of 0.3962 µm (first order) here. The reason we get a different answer compared to the other two methods is because the other two methods use the paraxial approximation in far-field regime, which state that the pitch of the structure is much greater than the incident wavelength. However, the near-field regime in which we operate is when the wavelength is about half the period. For our structures, the paraxial approximation does not hold anymore. Therefore, we can draw a conclusion that the theoretical equations deduced for the structures of metallic dot arrays [63, 65] are not suitable to our nanolens structures. The approach of computational numerical calculation must be employed for the study of the Talbot distance. For more information regarding theoretical calculation, readers can see Ref. [65] .
To compare the experimental results with the theoretically calculated results, we plotted Efield intensity profiles versus propagation distance z together with that of the numerically calculated in the same figure, as shown in Fig. 37 . It can be seen that variation tendency of the E-field intensity of the measured results is in agreement with the theoretically calculated results in general. As can be seen from the measured and calculated results coincide with each other very well. It can be explained that the interaction between the NSOM probe and the nanolenses surface is weak at the farfield. The influence on the probing is significantly degraded and can be ignored accordingly.
In comparison to a standard diffraction experiment, if the wavelength is large the slit is subwavelength, surely there will be no diffracted waves (also known as cylindrical waves) and therefore, the distinction between short wavelength and long wavelength is obvious. For the standard diffraction, transmission intensity decays exponentially with slit size (Bethe's theory was put forth in 1944). However, for our plasmonic lenses, the transmission intensity can be enhanced due to inherent advantage of plasmonic resonance which is well known already. Here, we used metallic subwavelength structure to generate the selfimaging. It is more apparent in near field region. The contribution of plasmonic resonance here is that enhancing the intensity of the plasmonic Talbot-based focusing (see Fig. 36 ). It is especially important for nano-photolithography for which large working distance and high exposure intensity are crucial issues. Our previous FDTD calculation results [66] demonstrated that only one focal point can be observed for the case of λ>300 nm, which is a threshold value for the SPPs-based Talbot effect. For the short wavelength, it is smaller than the slit width. Thus it is consistent to the Talbot effect condition. For more information regarding experimental characterization, readers can see Ref. [67] .
Summary
In summary, the main reason of the diffraction limit of a conventional optical lens is that a conventional lens is only capable of transmitting the propagating. The evanescent carry subwavelength information about the object decay, but it decay exponentially and cannot be collected in far field region. In contrast, plasmonic lens is an alternative to these problems. There are two key concepts about plasmonic lens. One is the concept of negative refractive index. The other is the transmission enhancement of evanescent waves. The concept of negative refractive index is the basic issue of plasmonic lens. And this is very common for noble metal in specific frequency.
The scalar Talbot effect cannot interpret the Talbot effect phenomenon for the metallic nanolenses. It may attribute to the paraxial approximation applied in the Talbot effect theory in far-field region. However, the approximation does not hold in our nanolenses structures during the light propagation. In addition, the Talbot effect appears at the short wavelength regime only, especially in the ultra-violet wavelength region.
Also plasmonic lenses provide excellent optical property for us. We can shape the beam beyond the diffraction limit, such as superfocusing, imaging and so on. Also we can exist in various forms. And in this paper, we show them in three form generally. Some new ideas will be produced while we design the plasmonic lenses to resolve practical problems. Currently, applications of the plasmonic lenses reported include photodetector [67] and ring resonator [68] . With rapid development of the plasmonic lenses, it is reasonable to believe that extensive applications will be found in the near future. 
Author details
